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Chapter 1

Review of Current Literature
Stem cell therapies have the potential to treat and cure a number of diseases within the next 10-15 years. One specific area of use will be for the treatment of neurodegenerative disorders such as Parkinson's and Alzheimer's disease. Since the brain itself has limited capacity for self-repair, these treatments would include implantation of stem cells to replace damaged cells populations [1, 2] . Although the brain is a complex organ, results from animal studies show that implanted cells do have the capacity to integrate into the existing circuitry [3] [4] [5] . To effectively use stem cells to treat these diseases, it is essential to have control over the final fate of the implanted cell population. Factors contributing to cell fate in vivo consist of both chemical and mechanical cues from the cell microenvironment [6] . In recent studies, the impact of the mechanical properties of the extracellular environment has been shown to play a large role in determining stem cell fate [7] [8] [9] . Specifically, more research is needed to determine the ideal mechanical properties of a substrate to direct neural stem cells toward clinically relevant neuronal fates.
Certain chemical stimuli are involved in activation and progression of stem cell differentiation pathways. For example, chemical signals, like growth factors and cytokines activate specific members of the mitogen-activated protein kinase (MAPk) signal transduction pathway. Studies have illustrated that this pathway regulates differentiation of muscle cells, mesenchymal stem cells, and neuronal cells [10] [11] [12] . In vivo, factors such as basic fibroblast growth factor (bFGF) and transforming growth factor beta (TGF-β) are involved in neuronal differentiation in the neural tube, leading to development of mature spinal cord. For stem cells of the central nervous system, cilliary neurotrophic factor (CNTF) is a driver of astrocytic differentiation, while thyroid hormone (T3) yields lineage-restricted progenitors for oligodendrocytes [13] .
Much of the work regarding mechanical properties of the extracellular environment dictating cell fate focuses on substrate elasticity. The property of elasticity is a material's resistance to deformation [14] . Many cellular processes, including cell proliferation, migration, and differentiation are regulated by matrix elasticity [7] [8] [9] [15] [16] [17] [18] . Previous studies indicate that response to the elasticity of the extracellular environment is cell-type specific and seems to correlate to the elasticity of the cell's native tissue [8, 19] . Increased spreading of fibroblasts occurs on stiffer surfaces [20] , whereas primary neuronal cells form more neurite branches on softer substrates [21] . It is believed that cells can sense the stiffness of the matrix through a feed-back mechanism of the actin-myosin cytoskeleton.
Cells are able to sense extracellular mechanical force in various ways, including stress-sensitive ion channels, caveolae, integrins, and cadherins [22] [23] [24] [25] . This work showed that on stiffer substrates, fibroblasts exhibit a more well-spread morphology that correlates to a five-fold increase in α5 integrin expression, whereas these cells on softer substrates exhibit a more compact, circular morphology [19] .
Although integrins serve as a physical link between the external and intracellular environments, they are part of a larger signaling complex involved in mechanotransduction, known as focal adhesions [26] . Focal adhesions are protein complexes that link the cytoskeleton of cells to the extracellular matrix at the sites of integrin binding. These complexes are thought to possibly act as a signaling hub in the translation of mechanical cues from the extracellular environment into biochemical signals inside the cell [27] . A 1997 study by Pelham and Wang looked at the effect of substrate stiffness on focal adhesion complexes of normal rat kidney epithelial and 3T3 fibroblastic cells. They observed differences in morphology and also in motility of the cells cultured on soft and stiff substrates. The authors hypothesized that the cells were able to sense the differences in extracellular elasticity through the sites of adhesion. To test this, they looked at fluorescently labeled vinculin on the different substrates. They found that on stiff substrates the cells had formed arrays of stable focal adhesion, whereas cells on softer substrates the adhesion sites were unstable and irregular punctate structures. They also showed that the extent of tyrosine phosyphorylation matched results for focal adhesions, implicating this pathway in the mechanism for mechanosensing [20] . [8] . While many studies have looked at the effect of substrate stiffness on stem cell differentiation, the subject of neural stem cell differentiation in response to external mechanical cues remains relatively unexplored.
In this study, I investigate the effect of substrate stiffness on specific aspects of neural stem cell differentiation, including neurite growth, synapse formation, and mode of division (symmetric or asymmetric). Formation of functional nervous tissue requires neurons to guide axons along an appropriate route to a suitable synaptic partner, and type of division during differentiation influences the final fate of the cell, and ultimately the makeup of the adult tissue [28, 29] . Therefore, these aspects of neuronal differentiation are crucial for cells intended to integrate and replace damaged cell populations in the nervous system. The cytoskeleton plays a large role in the guidance of the axonal growth cone and formation of synapses [30] . It also is largely involved in spindle orientation during cell division [31] . Since the proposed pathway for mechanotransduction involves feedback mechanisms of the acto-myosin cytoskeleton, it is possible that all aspects of differentiation studied here are affected by the stiffness of the extracellular environment through cytoskeletal sensing and response to external elasticity.
Many previous studies, discussed below, use primary neuronal cultures. In this research, I am using neural stem cells, which are self-renewing multipotent cells, meaning that they have the ability to ultimately become one of several neural cell types. This led to the conclusion that chemical and mechanical factors can be combined to obtain populations with desired compositions of glial and neuronal cells [35] . have been shown to enhance synapse formation [36, 37] . Synaptogenesis occurs during development, but also during adulthood, playing a role in learning and memory. During development, the process or synapse formation is coupled with neuronal differentiation.
Initial and often transient synapse formation occurs shortly after the cells differentiate into neurons and begin to extend neurites [38] . The extracellular matrix has been implicated in directing the axonal growth cone [29] , and previous studies have found that substrate stiffness affects neurite growth and branching of primary neurons [21, 32, 33] ; therefore, it is logical to assume that this may also have an impact on synapse formation.
In these studies, I examine the role of substrate stiffness on synapse formation, a subject that has scarcely been explored to this point.
Multicellular organisms are made up of a diverse range of cell types that have all come from the fertilized egg. For normal development, there must be a proper balance of symmetric and asymmetric division events [39] [40] [41] [42] . Symmetric cell division results in two daughter cells with the same developmental fate, and serves primarily to expand the pool of progenitor cells. Asymmetric division events, however, result in two daughter cells with different developmental fates, and therefore give rise to much of the cellular diversity in multicellular organisms [43] . Balance of these processes is also important in fully developed organisms with respect to adult stem cell populations [44] . Whether these cells undergo proliferation or differentiation processes is crucial to the proper function and maintenance of adult tissues. The occurrence of one of these two division types over the other depends on the position of the mitotic spindle and is thought to be regulated by both extrinsic and intrinsic factors. Although exact mechanisms of regulation are unknown, intrinsic factors implicated in this process include segregation of certain proteins and transcription factors and proteins such as numb and prospero in Drosophila [45, 46] . Extrinsic factors in the stem cell niche, such as the extracellular environment have also proven to guide the orientation of the cell division axis [47] .
Specifically, properties of the extracellular environment are sensed by the cytoskeleton in a feedback manner and translated into signals within the cell, contributing to spindle position and ultimately mode of division. This phenomenon remains relatively unexplored and is an important factor that must be taken into consideration when designing scaffolds to control stem cell differentiation.
To investigate the effects of substrate stiffness on neural stem cell differentiation, I will be utilizing a version of a widely used protocol first developed by Pelham and Wang [20] . This method utilizes thin polyacrylamide gels, which are coated with collagen to allow for cell adhesion, to control mechanical properties. In using polyacrylamide, investigators are able to alter the physical properties of the substrates by varying the ratios of acrylamide to bis-acrylamide while keeping the chemical properties constant. Differing ratios of acrylamide to bis-acrylamide results in more or less crosslinking, ultimately allowing for controlled variation in the elastic modulus of the material.
This material has also proven useful for cell growth since polyacrylamide is porous.
This project will utilize C17.2 neural stem cells, a gift of Evan Snyder at the Burnham Institute. This cell line was generated via retro-virus-mediated v-myc transfer into murine cerebellar progenitor cells [48] . These cells are a relevant model because of their therapeutic potential in the treatment of neurodegenerative diseases. Snyder et al.
found that C17.2 cells that were transplanted into the adult mouse neocortex can differentiate into neurons within regions of targeted apoptotic neuronal degeneration [49] .
Effect of Substrate Stiffness on Neurite Length and Synapse Formation Introduction
Neurodegenerative diseases are conditions that target specific groups of neurons for degradation. The brain has a limited capacity for self-repair, and therefore one possible treatment for these disorders involves the implantation of neural stem cells to integrate into existing circuitry and replace damaged cell populations [2, 3] . For these treatments to reach the clinic, it is crucial to understand the factors affecting neural stem cell differentiation and to use this knowledge to direct cells into therapeutically useful
fates [1] . Factors contributing to cell fate consist of both chemical and mechanical cues from the cell microenvironment [6] , and recent studies show that mechanical properties of the extracellular matrix are involved in the regulation of many cellular processes, including cell proliferation, migration, and differentiation [7] [8] [9] [15] [16] [17] [18] .
Response to the elasticity of the extracellular environment is cell-type specific and correlates to the elasticity of the cell's native tissue [7] [8] [9] 19] . Increased spreading of fibroblasts occurs on stiffer surfaces [20] , whereas primary neuronal cells form more neurite branches on softer substrates [21] . Research has shown that mesenchymal stem cells grown on gels with comparable stiffness to brain tissue exhibit cellular morphology similar to neurons, while cells grown on substrates with stiffnesses similar to muscle and bone tissue exhibit morphologies similar to that of myoblasts and osteoblasts, respectively. PCR analysis confirms morphological observations, showing increased mRNA expression of transcripts associated with cell-type correlating to matrix elasticity [8] .
Most studies regarding neural cells and substrate stiffness focus on neurite extensions of primary neuronal cells, indicating that rate of extension, neurite length, and neurite branching of these cells decrease with increased matrix stiffness [21, [32] [33] [34] .
Neural stem cells are a more desirable source for implantable neurons for disease treatment; however, the effect of matrix elasticity on the differentiation of neural stem cells is relatively unexplored. Studies in this area suggest that neural stem cells, like primary neuronal cultures, are sensitive to matrix elasticity, with softer substrates favoring neuronal differentiation [35] . Therefore, differentiation of neural stem cells into functional neurons for therapeutic use may be best achieved on substrates of a specific stiffness, particularly on substrates of comparable stiffness to brain tissue.
Construction of functional nervous tissue requires formation of neurons that guide axons along an appropriate route to a suitable synaptic partner [28] . Therefore, both neurite outgrowth and formation of synaptic connections are crucial for cells intended to integrate and replace damaged cell populations in the nervous system. The extracellular matrix has been implicated in directing the axonal growth cone [29] , and previous studies have found that substrate stiffness affects neurite extension [21, [32] [33] [34] . For these reasons, I explore the role of substrate stiffness on two aspects of neural stem cell differentiation, neurite growth and synaptic protein expression. To my knowledge, these specific aspects of differentiation have not been explored and quantified using neural stem cells in response to substrate elasticity I utilize thin polyacrylamide substrates with different ratios of acrylamide to bisacrylamide, resulting in controlled variation in the elastic modulus of the material while keeping consistent chemical properties [20] . This study uses C17.2 neural stem cells, a gift of Evan Snyder at the Burnham Institute, a neural stem cell line generated via retrovirus-mediated v-myc transfer into murine cerebellar progenitor cells [48] . These cells are capable of differentiation into neurons within regions of targeted apoptotic degradation in the adult mouse neocortex [49] . My aim is to find the optimal material elasticity to guide neural stem cells to neuronal fates most beneficial for treatment of neurodegenerative disorders, so these cells provide a useful model. Ultimately, the results of this study will bring us one step closer to neural stem cell scaffolds with precise control over cell fate and successful integration into existing cell circuitry via cues from mechanical properties of the material. at a density of 10,000 cells/cm 2 and allowed to grow to about 80% confluency, at which point the serum withdrawal process began. Cells were fixed 14 days after the start of serum withdrawal. A number of synapse samples were cultured for an additional period after this point, during which they were subjected to stimulation in high potassium Data Analysis: Neurite growth quantification was performed using the NeuronJ plug-in for ImageJ [52, 53] . Tracings were performed on each visible neurite from the nucleus until the edge of the extension. All images included at least 10 neurite tracings.
Materials and Methods
Polyacrylamide
Statistical Analysis: Statistical analysis of the data was performed using a student's ttest. Neurite lengths of neuronal populations on each of the tested substrates were quantified using NeuronJ plug-in for ImageJ [52, 53] . I found that the neurite length decreases with increasing substrate stiffness, shown in analysis of the neuronal subtypes that form on the various stiffnesses. This will allow for greater control of NSC fate, and will be useful for treatments of diseases such as
Results and Discussion
Parkinson's, which is hallmarked by degradation of dopaminergic neurons and would require replacement of this very specific neuronal population [5] . Results from this study will help with design of biomaterials scaffold for directing fate of implanted cell populations, inching one step closer to the use of stem cells for treatment of neurodegenerative diseases.
Chapter 3 Effect of Substrate Stiffness on Mode of Division throughout Differentiation Introduction
One potential therapy for the treatment of neurodegenerative diseases involves the implantation of neural stem cells to replace damaged cell populations in the brain. For this technique to progress into clinical use, the ability to control the fate and compositions of the final implantable cell population is crucial [1] [2] [3] . During differentiation of neural stem cells, two modes of division have been documented, asymmetric and symmetric.
The balance of these processes affects the composition of the cell population, and therefore, I am interested in assessing this aspect of differentiation [39] [40] [41] . Both mechanical and chemical cues contribute to produce the final fate of a cell, and I will explore the role of mechanical properties of the microenvironment in mode of cell division throughout differentiation [6] .
Multicellular organisms are made up of a diverse range of cell types that have all come from the fertilized egg. For normal development, there must be a proper balance of symmetric and asymmetric division events [42] . Symmetric cell division results in two daughter cells with the same developmental fate, and serves primarily to expand the pool of progenitor cells. Asymmetric division events, however, result in two daughter cells with different developmental fates, and therefore give rise to much of the cellular diversity in multicellular organisms [43] .
Balance of these processes is also important in fully developed organisms with respect to adult stem cell populations [44] . Whether these cells undergo proliferation or differentiation processes is crucial to the proper function and maintenance of adult tissues. The occurrence of one of these two division types over the other depends on the position of the mitotic spindle and is thought to be regulated by both extrinsic signals from the stem cell niche and intrinsic factors inside the cells, such as segregation of transcription factors [45, 46] . The physical properties of the cell niche play a role in guiding the orientation of the cell division axis [47] . Specifically, the mechanical properties of the extracellular environment may contribute to spindle position and ultimately mode of division. Further investigation into this phenomenon will aide in future design of scaffolds for controlling stem cell differentiation.
To investigate the effects of substrate stiffness on frequency of symmetric division during neural stem cell differentiation, I will be utilizing a version of a widely used protocol first developed by Pelham and Wang [20] . This method utilizes thin polyacrylamide gels that are coated with collagen to allow for cell adhesion.
Polyacrylamide allows for tailoring of the physical properties of the substrates by varying the ratios of acrylamide to bis-acrylamide, while keeping the chemical properties constant. Differing ratios of acrylamide to bis-acrylamide results in more or less crosslinking, yielding controlled variation in the elastic modulus of the material.
I will use C17.2 neural stem cells, a gift of Evan Snyder at the Burnham Institute.
This cell line was generated via retro-virus-mediated v-myc transfer into murine cerebellar progenitor cells [48] . These cells are a relevant model because of their therapeutic potential in the treatment of neurodegenerative diseases. Snyder et al. found that C17.2 cells that were transplanted into the adult mouse neocortex can differentiate into neurons within regions of targeted apoptotic neuronal degeneration [49] .
Materials and Methods
Cell Culture: C17. Data Analysis: Daughter cell size quantification was performed using ImageJ software [53] . The size of each daughter cell was measured after each captured division. The ratio of the area of the smaller daughter to the larger daughter was calculated, and asymmetric divisions were defined as those in which this ratio was less than 0.7.
Transfections: Addgene plasmid 26740 [54] , Addgene plasmid 26739 [54] , Addgene plasmid 28310 [55] , Addgene plasmid 13777 [56] , mCherry-UtrCH, mRFP-UtrCH, CALNL-DCX-eGFP, pCAG-ERT2CreERT2, were obtained from Addgene. Plasmids were isolated using the alkaline lysis method. Cationic lipid transfections were performed using the Lipofectamine LTX and PLUS Reagents ( 
Results and Discussion
Daughter cell size measurements were performed on time-lapse images captured at full serum and at various serum concentrations throughout serum withdrawal on glass, collagen-coated glass, and 140 Pa gel substrates. For each data point presented, measurements images were captured at 4 different areas in a single dish. Data from measurements performed throughout the serum withdrawal procedure, at 7.5% serum, 3.75% serum, 1.875% serum, and 0.94% serum, can be seen in 
Conclusion
In this study, I show that substrate properties have an effect on the frequency of asymmetric and symmetric division events during the differentiation process of C17.2 neural stem cells. Asymmetric, or differentiative, division events have been reported as a normal occurrence throughout differentiation and yield much of the cellular diversity in the adult brain [39] [40] [41] . To obtain a desired cell population for therapeutic implantation, it is important to control the frequency of each type of division. Therefore, it is vital to address the effect that scaffolding material properties will have on mode of division.
While the extracellular matrix has been noted to play some role in orientation of the division plane [47] , to my knowledge, this is the first study addressing the impact of substrate material properties on division type, in vitro. This is an aspect of neural stem cell differentiation that will need to be addressed in the design of biomaterial scaffolds for use in treating neurodegenerative diseases with implanted stem cell populations. 
